The effects of Mg2+ on thermophilic (55°C) granules grown on acetate in 0.2-liter upflow anaerobic sludge blanket reactors were studied. The methanogens in the granules were identified and counted by using antibody probes and the antigenic fingerprinting method. (1, 27) , and in anaerobic reactors it has been estimated that approximately 70% of the methane produced is derived from acetate (28).
Upflow anaerobic sludge blanket (UASB) reactors are generally used for high-rate anaerobic treatment of wastewaters in western Europe (15) . The success of this reactor type depends on the formation of highly flocculated, compact sludge aggregates called granules. The formation of granules allows the active bacterial biomass to be retained in the reactor independently of the flow rate, maintaining a good conversion efficiency even at relatively high flow rates. The flocculation ability of the sludge depends partly on divalent cations (12) . For example, a concentration of 4.1 mM Mg2+ gives a better sludge settleability than 0.4 mM Mg 2+ (7, 15 )-Microbial methanogenesis from acetate is a quantitatively important terminal reaction in the anaerobic decomposition of organic matter (1, 27) , and in anaerobic reactors it has been estimated that approximately 70% of the methane produced is derived from acetate (28) .
Two different mechanisms of acetate metabolism have been described: (i) the aceticlastic reaction by which the methyl group of acetate is transformed into methane by acetotrophic methanogens belonging to the genera Methanothrix and Methanosarcina, and (ii) the syntrophic acetate oxidation reaction in which acetate is first oxidized to hydrogen and carbon dioxide by a nonmethanogenic acetateoxidizing organism and the products are then metabolized by hydrogenotrophic methanogens (1, 23, 33) . Oxidation of acetate by a syntrophic mechanism was found to be of importance in thermophilicly digested sludge under conditions of low acetate concentration (less than 1 mM), indicating that organisms capable of acetate oxidation exist in the digested sludge and that these organisms, together with hydrogenotrophic methanogens, are of importance under certain conditions (23) . * Corresponding author.
Methanosarcinae are acetate-degrading organisms that undergo changes in morphology and growth rate in cultures with different concentrations of cations (2, 5, 13) . Usually, a high cation concentration in combination with a high concentration of trimethylamine has been shown to favor the growth of the single-cell form. With low cation concentrations and 50 mM of acetate as substrate, many Methanosarcina species (M. mazei S-6 and LYC and M. thermophila TM-1) will grow as packets of large coccoidal cells (5, 13, 32, 34 Several studies using transmission electron microscopy revealed that Methanothrix-like organisms dominate the granules of mesophilic UASB reactors (9) (10) (11) 24) . However, methanosarcinae were found to predominate under mesophilic conditions in granules grown in fish-meal-process wastewater, and only small quantities of Methanothrix-like organisms were detectable by light microscopy (26) . Methanosarcina was further found to be the only genus of acetotrophic methanogens present in granules grown on volatile fatty acids in a thermophilic UASB reactor (1, 31) .
Studies with mesophilic granules grown in UASB reactors with different substrates showed that the diversity of the methanogenic subpopulations increased with substrate complexity (14) . In a subsequent investigation, it was demonstrated that shifting granules from 38 to 55°C caused timecourse changes in the methanogenic subpopulations with distinctive profiles (30) . In parallel, the microanatomy of the granules also underwent modifications affecting the inner texture and the spatial arrangement of the microbial colonies (21) .
All these studies demonstrate that the microbial consortium in the granules is a dynamic assembly capable of responding to environmental changes. In the present study, we examine the effects of various Mg2+ concentrations in the culture medium on the methanogenic subpopulations of granules maintained in 0.2-liter UASB reactors at 55°C. The granules used as the inoculum for these small experimental reactors were obtained from a 5-liter UASB reactor operated at 55°C, with methanosarcinae as the main acetotrophic population. Applying immunologic and histologic methods, we report our observations of methanogenic subpopulations. Sample preparation. Wet and dry weights of the granules from the five experimental UASB reactors were determined by using standard methods (3), as previously described (14) . For cell counts and identification, 1 g of wet granules was added to 5 ml of phosphate-buffered saline (pH 7.2) and disrupted with a tissue grinder (Tri-R-Instruments, Rockville Center, N.Y.) to obtain a homogeneous suspension. Part of the cell suspension obtained was formalinized and prepared for immunologic testing by following standard techniques (17, 18) .
MATERIALS AND METHODS
Cell identification and counting. The slide immunoenzymatic assay constellation was applied for the immunologic identification and enumeration of methanogens, as described previously (18, 20) . This method involves a series of complementary assays, including indirect immunofluorescence, enzymatic reactions, Gram staining, and microscopic observation by using epifluorescence and phase-contrast, differential interphase-contrast, and bright-field illuminations. Identification of methanogens was done by using the antigenic fingerprinting method (17, 19) . Reference methanogens (see below) were used as controls and as reference morphotypes in each test. The antigenic fingerprinting results were compared with fingerprints in our data base (17, 18, 20) . Total cell counts were done with a hemocytometer (improved Neuhauser Hemocytometer; Max Levy, Philadelphia, Pa.) by using standard procedures (14, 30) . All experiments were run in triplicate or more.
Panel of reference methanogens. Reference methanogens whose physiologic, taxonomic (4, 6) , and antigenic characteristics had been previously determined were used in the slide immunoenzymatic assay constellation as positive, negative, and morphotype controls, as previously described (17, 19, 20) . These organisms are listed below in the order prescribed by the antigenic fingerprinting method (the number preceding each methanogen defines a position in the fingerprint) (17, 19) Antibody probes. Calibrated antibody probes were derived from antisera against the reference methanogens listed above and were used for antigenic fingerprinting as described previously (17, 19) .
Histochemistry and immunohistochemistry. Granules from the five experimental reactors were preserved in Telly's fixative overnight, placed in 70% alcohol for 6 to 8 h, and then dehydrated by using the automated Ultratechnicon system to embed the granules in paraffin. Thin sections (5 ,um thick) were obtained with a 820 Spencer Microtome (American Optical Instrument Co., Buffalo, N.Y.). The sections were collected on 14-mm-diameter glass SIA-slide circles, with heavy teflon coating (19) . After the paraffin was cleared from the slide, the thin sections were processed and stained by following standard methods for tissue sections (8, 16) . Indirect immunofluorescence was performed with the antibody probes by following current techniques (8, 21 a Mg2+ concentration in mM is shown by the subscript. 6 Arithmetic mean (standard deviation) is given for n = 3. c Detected immunologically; coefficient of variation was less than 10%.
Histochemistry and immunohistochemistry. Thin sections of all granules examined, AO, Ao., and A30, stained with hematoxylin-eosin showed rods, long filaments, and aggregates of Methanosarcina packets (Fig. 4a) Fig. 4a were antigenically related to Methanosarcina thermophila TM-1 (Fig. 4d) . The blankets that formed the rings shown in Fig. 4b and c were made of single cells and small packets antigenically related to Methanosarcina mazei S-6 and to M. thennophila TM-1 ( Fig. 4e and f) . These observations are in agreement with the counts shown in Fig. 2 Studies with histologic sections demonstrated that the granules possess structural organization. Filaments, rods, and aggregates of Methanosarcina packets are intimately related microanatomically, witnessing to the functional-biochemical interactions that must occur between these different microbes. The structure of the granules was affected by the Mg2+ concentration in the culture medium, as was the number of each methanogen (see above). Globular aggregates of Methanosarcina packets were more conspicuous in sections of granules grown in the absence of Mg2+ or in the presence of the lower Mg2+ concentrations tested. In contrast, a blanket formed by Methanosarcina single cells and small packets became more and more prominent as the Mg2+ concentration was increased in the medium. This blanket resembled a multicellular structure, which we have recently observed, that is formed by methanosarcinae in pure culture and that we called lamina (22) . Lamina occurred at certain stages of growth and was formed by single cells and small packets held together by an intercellular connective material, just as are the blankets found in the granules studied here as well as in other UASB granules previously examined (21) .
The concentration-dependent effect of Mg2+ may be due to the ion itself, but also the changes in the ionic strength might play a role. For instance, increasing the Mg2+ concentration from 0.5 to 100 mM will result in a 10-times-higher ionic strength. However, decreasing the Mg2+ concentration from 0.5 to 0 mM will not significantly change the ionic strength in the medium. Thus, the observed effect of Mg2+ at low concentrations of Mg2+ is likely due to the cation itself.
The hydrogenotrophic methanogens detected in the granules could be involved in processes other than the turnover of acetate, e.g., the degradation of dead granular biomass which will increase when the granules get fluffy. The in-crease in hydrogen-utilizing methanogens with no Mg2+ added might also be due to an increased oxidation of acetate by syntrophs, as indicated also by an increased oxidation of methyl-labelled acetate to carbon dioxide in the granules from AO compared with granules A30 (data not shown). Low Mg2+ concentrations have been shown to be necessary for growth of a nonaceticlastic acetate-oxidizing consortium.
Further study of this subject is now in progress.
